Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of infomnation. differences between the control law design and simulation models, which are used to demonstrate some robustness aspects of this control law. Actuator saturation is shown to be a considerable problem for this type of controller. However, the flexibility of the backstepping design provides opportunities for improvement. In particular, the Lyapunov function is modified so that the growth of integrated error and the rate of change of parameter growth are both reduced when the surface commands are growing at a rate that will likely saturate the actuators. In addition, the deadzone technique from robust linear adaptive control is applied to improve robustness to turbulence.
Introduction
In the early 1990's, adaptive backstepping was developed by Kanellakopoulos et af as a way of designing stable adaptive control laws for a broad range of nonlinear systems. Adaptive backstepping is an approach that combines Lyapunov stability theory with the substantial advances made in nonlinear differential-geometric control theory" in the recent past.
The basic concept behind backstepping is to use some states as virtual controls to control other states. The primary benefit of this type of controller would seem to be that it allows a wide array of nonlinearities to be incorporated in the controller design, and has proven nominal stability and convergence of error.
The types of nonlinearities included in the control law design could be either nonlinearities in the system model or nonlinearities chosen to meet the complex design criteria associated with flight control. In the past, such nonlinearities have not been very successful in flight control^, but the powerful theoretical tools associated with backstepping may make such designs more feasible. Another potential advantage of backstepping is that it converses very quickly (when it does converge) because it does" not have the lags associated with parameter identification for conventional adaptive control approaches. As a result, it may be effective in dealing with damage and failures. However, there are concerns about the robustness of backstepping designs. Even more problematic is that basic backstepping designs tend to generate very large effector commands. This is a serious problem for flight control, due to the importance of actuator saturations in aircraft. Luckily, the flexibility of backstepping design seems to provide opportunities to mitigate this problem. 
Aircraft Simulation Model
The aircraft simulation being used is a high performance aircraft with 2 engines, 2 stabilators, 2 ailerons, 2 rudders, 2 leading edge flaps, and 2 trailing edge flaps. The simulation uses the standard equations 
Control Law Design Model
For purposes of design, the full simulation model would yield a control law that was far too complex to be practically implemented. Also, it was felt to be important to deliberately have some major differences between the design and simulation model in order to examine the robustness of the control law.
As a result, the following model was used As you can see, the roll response is very good. The alpha response is not quite as good, but this is partly due to the fact that the auto-throttle was not perfect and the velocity was fluctuating during the maneuver. There is some slight saturation of the mdder actuator. However, this is much less than would occur with the basic control law of ref. 20 without the actuator saturation mitigation approach of this paper. Fig. 2 shows the desired and actual values of the virtual control inputs for this case. Fig. 3 shows what happens for this same scenario, with f^=l at all times. In this case, the actuators rapidly saturate, and the aircraft departs. Of course, with this initial control law, smaller gains could have been used. However, the use of smaller gains led to very poor tracking performance throughout the envelope. Figure 4 shows the same maneuver at the same flight condition with a failure of the right stabilator at 1.5 seconds. There is only fairly slight degradation of the roll and sideslip response and modest degradation of the alpha response. The reason for the good response can be seen in Fig. 5 , which shows the change in estimated stab effectiveness. Due to the lack of filters, the parameter converges to a new reduced value very rapidly after the failure at 1.5 sec.
Tables 1 through 3 provide some error statistics for a 180 degree roll with an 8 degree angle-of-attack change followed by a return to the initial roll and angle-ofattack angles while attempting to maintain zero sideslip in moderate turbulence, as defined in MIL-STD-1797 [22] . The controller performs acceptably at all flight conditions. As mentioned earlier, the low dynamic pressure condition had the most difficulties with departures due to actuator saturation, but the high dynamic pressure condition has the worst tracking errors.
Despite the improvements made in mitigating the impact of actuator saturationsthrough the function, the control law still cannot be used for very fast maneuvers. Fig. 6 shows an attempt to command a much faster roll. 
